Painful burn injuries are among the most debilitating form of trauma, globally ranking in the top 15 leading causes of chronic disease burden. Despite its prevalence, however, chronic pain after burn injury is under-studied. We previously demonstrated the contribution of the Rac1-signaling pathway in several models of neuropathic pain, including burn injury. However, Rac1 belongs to a class of GTPases with low therapeutic utility due to their complex intracellular dynamics. To further understand the mechanistic underpinnings of burn-induced neuropathic pain, we performed a longitudinal study to address the hypothesis that inhibition of the downstream effector of Rac1, Pak1, will improve pain outcome following a seconddegree burn injury. Substantial evidence has identified Pak1 as promising a clinical target in cognitive dysfunction and is required for dendritic spine dysgenesis associated with many neurological diseases. In our burn injury model, mice exhibited significant tactile allodynia and heat hyperalgesia and dendritic spine dysgenesis in the dorsal horn. Activity-dependent expression of c-fos also increased in dorsal horn neurons, an indicator of elevated central nociceptive activity. To inhibit Pak1, we repurposed an FDA-approved inhibitor, romidepsin. Treatment with romidepsin decreased dendritic spine dysgenesis, reduced c-fos expression, and rescued pain thresholds. Drug discontinuation resulted in a relapse of cellular correlates of pain and in lower pain thresholds in behavioral tests. Taken together, our findings identify Pak1 signaling as a potential molecular target for therapeutic intervention in traumatic burn-induced neuropathic pain.
Introduction
Burn injuries and associated long-term complications are a significant public health crisis. More than 11 million individuals per year suffer burn injuries severe enough to require hospitalization and long-term care. 1 Of these patients, many develop chronic intractable pain that continues long after the initial trauma. The failure to address burn injury pain is due in part to the lack of mechanistic insight in neuropathic pain pathology and the shortage of preclinical research in the burn-injured population. [2] [3] [4] [5] [6] It has been suggested that chronic pain following burns may arise from excessive neuronal activity within scar tissue, poorly regenerated nerve endings, inflammation, and central mechanisms. [7] [8] [9] Opioid resistance observed in burn patients may also be due to maladaptive structural plasticity within the central nervous system (CNS). 1 Importantly, emerging evidence suggests that dendritic spines may be an "actionable" morphological correlate for addressing chronic neurological disease, for example, pain. and neuropathic pain. 12, 13 In experimental burn injury, dendritic spines change to a dysgenic state in a Rac1-dependent manner. Inhibition of Rac1 suppresses dendritic spine dysgenesis and attenuates neuropathic pain.
14 Cessation of Rac1 inhibition permits a relapse in both dendritic spine dysgenesis and abnormal pain. 11 . As a clinical target, however, Rac1 has low therapeutic utility due to its complex intracellular dynamics. [15] [16] [17] Thus, in this study, we sought alternative druggable targets and identified Pak1 as a potentially useful therapeutic target for addressing pain. 11, 13 Pak1 is a Rac1 effector kinase that links Rac1 signaling to cytoskeletal reorganization underlying dendritic spine plasticity. Although Pak1 has been implicated in a spectrum of neurological diseases and disorders, [18] [19] [20] [21] this kinase has not been studied in mechanisms underlying neuropathic pain. [22] [23] [24] We hypothesized that inhibition of Pak1 activity will disrupt abnormal dendritic spine remodeling and reduce neuropathic pain in a second-degree burn injury model. We performed longitudinal experiments that investigated dendritic spine profiles in burn injury-induced pain: (1) without treatment, (2) during treatment, and (3) following withdrawal of treatment with romidepsin, an FDA-approved Pak1 inhibitor. Our findings demonstrate that after burn injury, mechanical and heat pain increase along with dendritic spine dysgenesis in the ipsilateral dorsal horn. Expression of c-fos, a marker for neuronal activity, also increases, suggesting that there are post-burn increases in central nociceptive activity. Pak1-inhibition by romidepsin decreased dendritic spine dysgenesis, reduced c-fos expression, and partially rescued pain thresholds. Romidepsin cessation allowed cellular pain correlates and neuropathic pain to return. Together, our data demonstrate that Pak1 signaling is a potential molecular target for addressing traumatic burn injury-induced neuropathic pain and highlight an opportunity of repurposing clinically available drugs to expedite development of novel pain therapies.
Methods

Animals and burn injury
Experiments were performed in accordance with the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals and were approved by the VA Institutional Animal Use Committee. Animals were housed under a 12-h light/dark cycle in a pathogenfree area with food and water provided ad libitum. Weight-matched, adult mice were used for this study (male/female equal mix; C57Bl6; 25 AE 1.8 g; Harlan, Indianapolis, IN). A total of 47 animals were included in the final analysis of this study. To produce the seconddegree burn injury, we used modified procedures described previously. 14, 25 The burn apparatus was custom designed in Fusion 360 (Autodesk) and threedimensional (3D) printed on an Ultimaker 2þ printer (Ultimaker, Netherlands) using heatresistant acrylonitrile butadiene styrene (ABS) filament (Figure 1(a) ). Heated water (75 C) was continuously pumped through an inflow opening in the apparatus, whereby it heated a copper plate (1 mm thick), and exited through an outflow pipe. To ensure consistent heat was applied animal-to-animal, we also monitored the temperature of the metal plate with a surface thermometer. After establishing baseline withdrawal thresholds (Figure 2 ), animals were briefly anesthetized with isoflurane (2%-3% vaporized in oxygen). The glabrous surface of the left hind paw was applied to the 75 C heated metal surface of the apparatus for 15 s. To maintain consistent pressure across animals between the plantar skin and metal surface, we placed a 10-g-weighted sandbag onto the dorsal aspect of the paw. This injury Figure 1 . Partial thickness burn injury model. To produce the second-degree burn injury, we used a modified procedure described previously.
14,25 (a) The burn apparatus was custom designed, comprises a 3D-printed chamber, and attached copper metal plate (heated surface). To maintain consistent temperature, heated water (constant 75 C) was continuously pumped through the inflow into the chamber and exited through an outflow pipe. Under anesthesia, the glamorous surface of the hind paw was applied to the heated plate and held for 15 s with a 10-g weight. (b) This burn model reliably produces epidermal skin damage (*) into the deeper dermis layer, an injury profile indicative of a second degree, partial thickness burn. Scale bar in (b) is 200 mm.
model produces a burn injury of approximately 20% to 25% of the plantar surface area and a burn injury site skin blister indicative of a second-degree burn injury. 14 To prevent infection, silver sulfadiazine ointment was applied to the injured site. Sham animals underwent the same procedures, but the metal surface temperature was maintained at room temperature (24 AE 1 C). AntiPak1 or control treatment consisted of dimethyl sulfoxide (DMSO) (1% in 0.01 M phosphate-buffered saline (PBS)) or romidepsin (Abcam, ab143287, 5 mg/kg in 1% DMSO/0.01 M PBS), respectively, that was injected intraperitoneally (i.p.) over three days at 9:00 a.m. everyday successively on Days 4, 5, and 6 post-burn and before any behavioral testing (Figure 2 ). The dosage of romidepsin was initially calculated using the FDA guidelines for converting clinical drug dosages between human and animal (animal mg/kg dose Â animals surface area (km) ¼ human mg/kg dose Â human surface area (km)) from the maximum tolerated dose (MTD) for romidepsin for human cancer treatment (https:// www.fda.gov/downloads/drugs/guidances/ucm078932. pdf; accessed 18 March 2018). Based on a pilot doseresponse study (data not shown), the MTD for romidepsin use in our animals was 5 mg/kg injected i.p. twice daily. These procedures resulted in the production of five comparator groups: Sham þ DMSO, Burn þ anti-Pak1 
Behavioral testing
A blinded experimenter performed behavioral experiments in a dedicated testing room under invariant conditions at room temperature (23 AE 2 C). All behavioral testing was performed at seven-time points: baseline (before burn injury), Days 3, 4, 5, 6, 7 and 10 after burn injury. To assess whether romidepsin treatment had significant effects on gross locomotor or motivational/affective function, we performed additional tests (shown in Figure 3 ). These studies were all performed before pain-related behavioral testing ( Figure 10 ). To evaluate muscle strength and mobility with all four limbs, we used a modified Kondziela's inverted screen test. 26 The mesh was made of 1-mm-thick metal wire with a 12-mm square pattern. After the subject was placed upright in the center of the mesh screen, the mesh was rotated to an inverted position over a 2-s period, with the head declining first. This position was held until the animal let go of the mesh and fell. The latency from the mesh inversion to the animal falling off was recorded. The maximum latency was capped at 120 s. Normal mice generally score the maximum latency on this task, as reported previously (Deacon, 2013) . For analysis, latency was scored on a scale from 1 to 5 (worst-to-best; 1: 1-10 s; 2: 11-25 s; 3: 26-60 s; 4: 61-90 s; and 5: 91-120 s). The mesh was cleaned with soap and water and dried between each animal testing trial. To assess affective/motivational/exploratory behavior, hind limb rearing behaviors were assessed over the experimental study period. Mice were placed into an empty Plexiglas box and allowed to freely move during a 3-min observation period. The number of rearing behaviors was measured. A single rearing event was defined as a behavioral event when an animal stood only on its hind limbs and rested at least one of its forelimbs on the Plexiglass wall of the box. Romidepsin has the potential to adversely affect appetite. To ensure our romidepsin dosage did not lead to significant adverse effects on overall animal well-being that could confound our behavioral studies, we measured and compared body mass (g) across animal groups following all behavioral testing.
For pain-related behavioral testing, after acclimation to the testing area (60 min), mechanical sensory thresholds were determined by paw withdrawal in response to a graded series of Von Frey filaments (Stoelting, Wood Dale, IL, USA). Filaments were applied to the metacarpal area on the glabrous surface of the left hind paw, avoiding the damaged skin/scar area of the burn site. 8, 14 The testing area was consistent across animals. We used a modification of the Dixon "up-down" method to determine mechanical nociceptive threshold. 27 For assessing heat withdrawal threshold, we used the Hargreaves' testing method whereby paw withdrawal latency was measured in response to a radiant heat source. 28, 29 After acclimation in the testing area for 60 min at ambient room temperature (23 AE 2 C), animals were placed in Plexiglass box situated on an elevated Figure 3 . Romidepsin treatment at maximum tolerated dose does not have adverse effects on overall animal well-being. To assess whether romidepsin effects (a) body weight, (b) gross locomotor function, and (c) motivational/affective function, we performed several behavioral studies over the experimental period. We did not observe any differences in any of these behavioral tests at any time point before, during, or after romidepsin and DMSO treatment. DMSO: dimethyl sulfoxide.
glass plate (University of California San Diego, Anesthesiology Department, La Jolla, CA). A radiant heat source heated the glass plate directly under the glabrous surface of the paw. Upon paw withdrawal, the heat source was automatically turned off and the latency (seconds) recorded. To prevent tissue damage, heat was automatically turned off at 20.5 s.
Histology
To preserve any effects of drug treatments or activitydependent antigen-tissue expression, we rapidly euthanized animals following pain behavioral testing (within 20 min) at experimental endpoints on Day 6 or Day 10. Mice were anesthetized using a mixture of ketamine/ xylazine (100/10 mg/kg, i.p.) and intracardially perfused with 4% paraformaldehyde (0.01 M PBS) and cryoprotected in 30% sucrose. Spinal lumber enlargement (L3-L5) and spleen tissue was collected for post-mortem analysis. For immunohistochemistry, 20-mm-thick tissues were cut on a cryostat (Leica; Bannockburn, IL) and mounted on Superfrostþ slides (Fisher Scientific; Pittsburg, PA). Briefly, sections were blocked in 4% normal donkey serum (in 2% bovine serum albumin; 1% Triton-X100; 0.02% Na azide; 0.01 M PBS) and incubated overnight in antibodies (monoclonal Alexa Fluor For tissue analyses, background signal was equalized across all samples. 30, 31 A blinded investigator quantified fluorescent expression of target proteins using Image J software (National Institutes of Health software download: http://rsbweb.nih.gov/ij/) in the dorsal horn and normalized these values with Sham values (i.e., mean of Sham data/X data, where X is the raw data value). Data were then averaged within groups and compared across groups. For the analysis of c-fos expression in the dorsal horn, we divided the dorsal horn into two dorso-ventral regions using methods and criteria described previously 30, 31 : dorsal (laminae I-III) and intermediate zone (IV-V). C-fos immunoreactive cells were counted, averaged within groups, and compared across treatment groups.
To visualize dendritic spines, mice were prepared for Golgi-cox staining. 11 Golgi staining permits sampling of a large number of neurons with detailed resolution of dendritic spines and permits full reconstructions of whole neurons, including ultra-fine processes. This Golgi-impregnated tissue is also impervious to long exposure to high-intensity light that would otherwise diminish other labeling systems, for example, fluorophores. Briefly, mice were killed by decapitation without fixation. Spinal cord tissues from the lumbar enlargement (L4-L5) were rapidly dissected (<5 min), rinsed in distilled water, and processed using a commercial kit (using manufacturer's instructions (FD Neurotechnologies, Ellicott, MD) (Sham þ DMSO, n ¼ 4; Burn þ DMSO, Day 6, n ¼ 4; Burn þ DMSO, Day 10, n ¼ 3; Burn þ romidepsin, Day 6, n ¼ 4; Burn þ romidepsin, Day 10, n ¼ 5). Twenty-days after incubation in the kit's impregnation solutions, 180-mmthick coronal sections were cut on a vibratome (Leica VT1200S; Leica Biosystems, IL) and mounted on gelatinized glass slides. Mounted sections were stained, rinsed in distilled water, dehydrated, cleared, and coverslipped using Permount medium. Golgi-stained sections were visualized with a transmitted light microscope (Nikon Eclipse 80i). Images were captured with a HQ Coolsnap camera (Roper Scientific; Tucson, Arizona).
Dendritic spine analysis
Digital reconstructions were rendered and analyzed by blinded investigator using a Neurolucida software suite (version 9.0; Microbrightfield, Williston, VT) and pen tablet (Intuos 5 touch, Wacom). 11 For our purposes, we sampled wide-dynamic range (WDR) neurons in the lumbar enlargement located in the intermediate zone (laminae IV-V, $500-800 mm deep). To identify and sample WDR neurons for analysis, we used a sampling workflow consisting of five inclusion criteria 11, 32 : (1) neurons were located in Rexed lamina IV/V; (2) stained neurons must have dendrites and spines that are impregnated and appeared as a continuous length; (3) at least one dendrite extended into an adjacent lamina relative to the origin of the cell body; (4) at least half of the primary dendritic branches remained within the thickness of the tissue section, such that their endings were not cut and instead tapered into an ending; and (5) the soma diameter was greater than 25 lm. To ensure there were no morphological differences across our sampled neurons, we used NeuroExplorer software (Microbrightfield, Williston, VT) to measure maximum cell diameter, total dendritic branch length, number of primary dendrites, mean length of primary dendrites, and the percentage of primary dendrites with secondary branches (Table 1 ). These morphological attributes were measured and compared across animals and treatment groups post hoc and control for the morphological diversity of spinal cord dorsal horn neurons. We identified a total of 127 neurons for inclusion in our analysis (Sham
To ensure that dendritic spines were accurately sampled, we used specific morphological characteristics defined previously. 33 We defined a dendritic spine neck as the structure juxtaposed between the parent dendrite branch and the base of the spine head, which appears as a distal swelling into a bulb-like structure. Thin-and mushroom-shaped spines were classified: thin spines had head diameters that were less than or equal to the length of the spine neck, whereas mushroom spines had head diameters that were greater than the length of the spine neck. The use of these geometric categories permitted us to use simple but very explicit rules for classifying spine morphology. Note that although this approach precluded discrimination of other subtle variations in spine shape, we were previously able to collect a very large sample size that has permitted us and others to link the physiological characteristics of thin-and mushroom-shaped spines with neurophysiological circuit function. [34] [35] [36] [37] [38] [39] We are aware that spine criteria in this study do not have direct implications for physiological characterization of the neurons we analyzed but were used to control for the morphological diversity within the sampled neuronal population. To reconstruct sampled neurons, we used Neurolucida software and analyzed the complete threedimensional reconstructions of dorsal horn neurons.
11
Dendritic spine density was expressed as spine number per 10-mm dendritic length. To determine any changes in the spatial distribution of spines, we used a Sholl's analysis. 24 Seven 50-mm-wide spherical bins were formed around each cell body, spine density within each bin was averaged within each treatment group, and mean data were compared against equivalent bins across groups.
Statistical analysis
All statistical tests were performed at the a-level of significance of 0.05 by two-tailed analyses using parametric or non-parametric test, as appropriate. We used measures analysis of variance (ANOVA) and Kruskal-Wallis one-way ANOVA on ranks, followed by Bonferonni's or Dunn's post hoc analysis, respectively. Data management and statistical analyses were performed using SigmaPlot (version 12.5; Systat Software Inc.) and Microsoft Office Excel (2011). Data in the text are described as mean AE standard deviation. All graphs are plotted as mean AE SEM using SigmaPlot.
Results
Romidepsin administration does not have adverse effects on overall animal well-being. We administered romidepsin systemically using the MTD (5 mg/kg i.p. twice daily for three days) determined in a pilot doseescalation study (data not shown). To ensure that treatment with romidepsin did not produce adverse effects that could potentially confound our pain assessments, we monitored three outcome measures during the time course of the study: (1) body weight, (2) a modified Kondziela's inverted screen test, 26 and (3) affective/ exploratory rearing behavior ( Figure 3) .
The most common adverse events observed in human studies of romidepsin (nausea, loss of appetite, change in taste sensation, lack of strength, fatigue, and diarrhea) can directly impact body weight (http://www.celgene.com/content/uploads/istodax-pi. pdf). Therefore, we monitored body weight of animals treated with romidepsin or DMSO vehicle (Figure 3(a) ). We did not observe differences in animal body weight after treatment with romidepsin (p > 0.05; baseline vs. Days 3, 4, 5, 6, 7, and 10: range across all groups, 20. 3-27.4 g), or compared with DMSO treatment (p > 0.05; vs. any testing day: range 18.7-26.9 g). To assess general muscle strength and mobility with all four limbs, we performed an inverted screen test. 26 In this test, animals are placed on a wired mesh, which is then inverted. Latency-to-fall scores were categorized into a 1 to 5 ordinate scale from worst-to-best (1: 1-10 s; 2: 11-25 s; 3: 26-60 s; 4: 61-90 s; 5: 91-120 s) (Figure 3(b) ). At baseline, before burn injury, animals in either romidepsin or DMSO treatment group had similar inverted mesh scores (p > 0.05; 4.9 AE 0.42 vs. 4.9 AE 0.25). Following burn injury, all animals exhibited decreased inverted mesh scores as compared with baseline without injury, suggesting that burn injury compromised these animals' ability to hold onto the mesh after it was inverted (p < 0.05; from a baseline mean of 4.9 down to the lowest score of 3.0 or 3.1 in DMSO or romidepsin-treated animals, respectively). Burn-injured animals with DMSO or romidepsin treatment had similar inverted mesh scores when compared on each testing day (p > 0.05; Days 3, 4, 5, 6, and 10:
Rearing behavior is associated with general activity level and has been used as a measure of higher order, cognitive-affective/exploratory function in animal models (i.e., more rearing events indicates higher levels of general activity and exploration). [40] [41] [42] To test rearing, animals were placed into an enclosed box and allowed to freely explore the chamber for a 3-min observation period (see "Methods" section) (Figure 3(c) ). In all comparisons, animals exhibited a similar number of rearing events at baseline, before or after burn injury, and with romidepsin or DMSO treatment at any testing day (p > 0.05: range across all groups and testing days: 2.8-6.8). Taken together, these data demonstrate romidepsin treatment has no detectable effects on established measures of animal overall well-being and function.
Romidepsin is bioavailable and exerts a detectable action in the spinal cord dorsal horn
To assess the bioavailability of romidepsin, we assessed the expression of two biomarkers for drug-tissue response: histone acetylation and p-Raf (Figure 4 ). Romidepsin is a histone deacetylase (HDAC) inhibitor, which leads to a potent block of Pak1 kinase activity. As such, an established clinical index for romidepsin tissue response is increased histone acetylation in exposed tissue. 43, 44 We assessed histone acetylation in both spleen and spinal cord tissue of burn-injured or control animals on Day 6 (immediately after the last drug dose) and Day 10 (following drug withdrawal) (Figure 4 (a) to (c)). In spleen (Figure 4(a) ), we observed a significant increase in histone acetylation with romidepsin treatment as compared with DMSO vehicle on Day 6 post-burn (D6: p < 0.05, 1.17 AE 0.10 vs. 1.06 AE 0.13 normalized expression, ANOVA on ranks) (Figure 4(d) ). As expected on Day 10, after drug withdrawal, we observed no difference in spleen histone acetylation across any burn-injured group with DMSO or romidepsin treatment (D10: 1.0 AE 0.15 vs. 1.1 AE 0.08 normalized expression), demonstrating that the effect of romidepsin had worn off. Additionally, we found no significant difference in spleen histone acetylation in any burn-injured group at Day 10, with DMSO or romidepsin treatment, as compared against Sham (at D6: 1.0 AE 0.11). Together, these results demonstrate that the effect of treatment with romidepsin is short-lived, with histone acetylation levels returning to untreated post-burn levels after drug discontinuation.
In spinal cord tissue (Figure 4 (e)), we observed a significant increase in histone acetylation in neurons, which were marked by immunostaining with the neuronspecific marker, NeuN, following romidepsin treatment as compared with DMSO treatment on Day 6 (D6: p < 0.05, 1.1 AE 0.15 vs. 1.01 AE 0.10 normalized expression, ANOVA on ranks). On Day 10, following drug treatment withdrawal, we found no difference in histone acetylation levels in comparisons across either romidepsin or DMSO-treated burn-injured animals (D10: 0.98 AE 0.04 vs. 0.95 AE 0.04 normalized expression), or when compared against Sham (at D10: 1.0 AE 0.07). These findings demonstrate that systemically delivered romidepsin can penetrate the blood-brain barrier (BBB) into the spinal cord and affect neuronal tissue. Treatment withdrawal data further demonstrates that the effect of romidepsin is transient, that is, the levels of histone acetylation returns to Sham levels following the discontinuation of romidepsin treatment.
To further assess the bioavailability of romidepsin, we measured the expression of p-Raf following burn injury (Figure 4 (c) and (f)). Raf-1 is a downstream effector of Pak1, and romidepsin activity in a tissue would result in a decrease of activated Raf-1, that is, phosphorylation of Ser338 on Raf-1, or p-Raf expression. 45, 46 On Day 6 after burn injury, we observed a significant decrease in p-Raf expression in neurons with romidepsin treatment as compared with DMSO (D6: p < 0.05, 0.93 AE 0.01 vs. 0.97 AE 0.01 normalized expression, ANOVA on ranks) (Figure 4(f) ). On Day 10, drug discontinuation resulted in no detectable difference in p-Raf expression between burn-injured animals treated with romidepsin or DMSO (D10: 0.96 AE 0.01 vs. 0.98 AE 0.001 normalized expression). In comparisons against Sham (at D6: 1.0 AE 0.07), we also observed no significant difference with burninjured groups on Day 6 or Day 10, with DMSO or romidepsin treatment.
Romidepsin decreases burn injury-induced c-fos expression
The immediate early gene c-fos has been established as a molecular marker of neural activity in spinal cord neurons. In burn injury models, c-fos expression increases in association with increased pain outcome. 25, 47 To assess c-fos expression as a result of burn injury with or without romidepsin, animals were rapidly processed for tissue collection within <30 min after behavioral thermal pain testing at experimental endpoints on Day 6 or Day 10. Increased c-fos expression appeared in both DMSO and romidepsin-treated burn-injured animals within the dorsal horn of the spinal cord, as shown in Figure 5 . Romidepsin has bioavailability and tissue action in the spinal cord. To assess the bioavailability of romidepsin through our study, we measured the expression of biomarkers for drug-tissue response in the spleen and spinal cord at Day 6 (<24 h after treatment) and Day 10 (after drug withdrawal). At Day 6, we observed an increase in histone acetylation in the (a, d) spleen and (b, e) neurons in the spinal cord dorsal horn (co-localized immunoreactivity of acetyl-histone H3 with NeuN), as compared with DMSO treatment (*p < 0.05). At Day 10, there was no difference in histone acetylation between burn-injured treatment groups (p > 0.05). Additionally, on Day 6, we observed (c, f) a decrease in Pak1 effector, p-RAF, expression in neurons in the spinal cord dorsal horn (*p < 0.05). There was no difference in p-RAF expression on Day 10 following drug withdrawal (p > 0.05). In comparisons with Sham, we observed no difference in biomarker expression levels in burn-injured animals at any time point (p > 0.05). Scale bars in (a) to (c) are 500 mm. Graphs are mean AE SEM. DMSO: dimethyl sulfoxide. immunoreactive cells were significantly decreased in burn-injured animals with romidepsin treatment as compared with DMSO at Day 6 (D6: 27.1 AE 1.5 vs. 29.9 AE 4.1 c-fosþ cells, ANOVA on ranks with Dunn's post hoc). By Day 10 following drug withdrawal, the differences between romidepsin and DMSO treatment diminished, and we observed no difference between burn-injured animal groups (D10: (Figure 5(d) ). In all comparisons of c-fos expression in both the superficial and intermediate zone of the dorsal horn (i.e., combined lamina I-V), burn-injured animals treated with DMSO or romidepsin at Day 6 and Day 10 had significantly greater c-fos expression than Sham (D6: 
Increased dendritic spine density accompanies burn injury
Our previous work has shown that abnormal dendritic spine profiles contribute to neuropathic pain in rat models of injury or disease. 11, 13, 14 To assess the changes in dendritic spine morphology in our model of seconddegree burn injury, we analyzed Golgi-stained spinal cord tissue from the lumbar enlargement (L4-L5) (Figure 6(a) ). WDR neurons were identified based on morphological criteria (see "Methods" section). All sampled neurons had cell bodies that were completely within the intermediate zone (laminae IV-V) and clearly visible dendritic trees (Figure 6(b) ). As shown in Figure 6 (c), dendritic spine protrusions appear along dendrites. Dendritic spine morphologies qualitatively differ across Sham and burn-injured animals and across time between Day 6 and Day 10. To control for any sampling variation in gross cell morphology prior to dendritic spine analyses, we compared additional morphological attributes of sampled neurons, including cell body diameter, total dendritic branch length (i.e., all projections), the number of primary dendrites (i.e., those that project directly from the cell body), the average length of the primary dendrite, and the percentage of primary dendrites with secondary branches (Table 1) . We did not observe any differences in these attributes in comparisons across any treatment group, or over time, between Day 6 and Day 10 endpoints (p > 0.05 for all comparisons). This supported our interpretation that any observed differences in dendritic spine profiles were not due to variations in neuronal sampling.
Our previous work has identified a common motif of dendritic spine morphology on dorsal horn neurons that strongly associates with nociceptive hyperexcitability in the dorsal horn and neuropathic pain, including (1) increased dendritic spine density and (2) a redistribution of dendritic spines toward branch regions located closer to the cell body. 11 To obtain an accurate profile of dendritic spines from spinal cord tissue, we reconstructed Golgi-stained WDR neurons using a Neurolucida software system (Figure 7 (a) to (e)). Dendritic spines were mapped along each reconstructed neuron and colorcoded according to their structural classification: thinshaped spines (blue dots) or mushroom-shaped spines (red dots). A total of 125 neurons were rendered and included in the final analyses.
As shown in Figure 8 (a), on Day 6, all burn-injured animals treated for three days with DMSO (n ¼ 27) or romidepsin (n ¼ 34) demonstrated significantly increased total dendritic spine density as compared with Sham (n ¼ 14) (D6: p < 0.05, 3.5 AE 0.6 or 2.8 AE 0.4 vs. 2.4 AE 0.4 total spines per 10-mm dendrite length, one-way ANOVA with Bonferroni's post hoc). Romidepsin treatment in burn-injured animals significantly reduced total dendritic spine density as compared with DMSO treatment at this time point (p < 0.05, 3.5 AE 0.6 vs. 2.8 AE 0.4 total spines per 10-mm dendrite length, one-way ANOVA with Bonferroni's post hoc). By Day 10 following drug withdrawal, total dendritic spine density in romidepsin-treated animals approached the density profiles observed with DMSO-treated animals with burn injury (p > 0.05). At this time point, both burn-injured animal groups treated with DMSO (n ¼ 20) or romidepsin (n ¼ 30) continued to have significantly increased total dendritic spine densities as compared with Sham (D10: p < 0.05, 3.1 AE 1.1 or 2.9 AE 0.6 vs. 2.4 AE 0.4 total spines per 10-mm dendrite length, ANOVA on ranks with Dunn's post hoc).
Thin-shaped dendritic spine densities exhibited similar changes upon treatment with romadepsin ( Figure 8  (b) ). Treatment of burn-injured animals with romidepsin significantly decreased thin-shaped dendritic spine density as compared with DMSO-treated animals (D6: p < 0.05, 2.4 AE 0.3 vs. 2.9 AE 0.7 thin spines per 10-mm dendrite length, ANOVA on ranks with Dunn's post hoc); however, both burn-injured groups had significantly increased thin-shaped spine densities as compared with Sham (p < 0.05, 2.1 AE 0.4 thin spines per 10-mm dendrite length). By Day 10, after drug withdrawal, both burn-injured animal groups treated with romidepsin or DMSO continued to have significantly increased thin-shaped dendritic spine densities as compared with Sham (D10: p < 0.05, 2.5 AE 0.4 or 2.6 AE 0.9 vs. 2.1 AE 0.4 thin spines per 10-mm dendrite length, ANOVA on ranks with Dunn's post hoc).
Mushroom-shaped dendritic spine density also increased following burn injury in either group treated with romidepsin or DMSO at Day 6 post-burn, as compared with Sham (D6: p < 0.05, 0.43 AE 0.2 or 0.58 AE 0.2 vs. 2.8 AE 0.4 mushroom spines per 10-mm dendrite length, one-way ANOVA with Bonferroni's post hoc) (Figure 8(c) ). Notably, mushroom-shaped spine density in burn-injured animals treated with DMSO control increased by more than 100% compared to Sham with no burn (from 2.8 to 5.8 mushroom spines per 10-mm 
Dendritic spines redistribute on dendritic branches after burn injury
The proximity of dendritic spines relative to the cell body can have a significant impact on postsynaptic excitability, that is, synaptic inputs located closer to the axon hillock improves transmission output. 37, 48, 49 To profile dendritic spine distribution, we applied a Sholl's analysis on reconstructed neuronal samples (Figure 9 ). Thin-shaped dendritic spines also demonstrated similar changes in density along dendritic branch lengths. At Day 6, burn-injured animals treated with DMSO showed increased thin-shaped spine density as compared with Sham (D6: #p < 0.05; 50 lm: 3.6 AE 1.9 vs. 2.8 AE 0.5; 100 lm: 3.1 AE 0.9 vs. 1.7 AE 0.7; 200 lm: 2.6 AE 1.4 vs. 1.5 AE 0.5; 300 lm: 2.8 AE 1.9 vs. 1.3 AE 0.2 thin spines/10 lm dendrite; ANOVA on ranks with Dunn's post hoc) (Figure 9(b) ). Romidepsin treatment significantly reduced thin-shaped dendritic spine density in the closest three regions to the cell body following burn injury, as compared with burn-injured animals treated with DMSO (*p < 0.05; 50 lm: 2.6 AE 0.9 vs. 3.6 AE 1.9; 100 lm: 2.5 AE 0.9 vs. 3.1 AE 0.9; and 150 lm: 2.3 AE 0.9 vs. 3.0 AE 1.2 thin spines/10 lm dendrite; ANOVA on ranks with Dunn's post hoc). Moreover, romidepsin treatment of burn-injured animals resulted in thinshaped dendritic spine densities that were similar to Sham at all dendrite regions (p > 0.05).
In analyses of mushroom-shaped spines, density significantly increased in proximal dendrite regions as compared with Sham; notably with a nearly 100% increase in the 50-lm dendritic length region (D6: #p < 0.05; 50 lm: 1.1 AE 0.8 vs. 0.6 AE 0.2; 100 lm: 0.6 AE 0. Figure  9(c) ). As compared with DMSO-treated burn-injured animals, romidepsin treatment resulted in a significant decrease in mushroom-shaped dendritic spine density at the closest region, 50 lm (*p < 0.05; 50 lm: 0.6 AE 0.4 vs. 1.1 AE 0.8 mushroom spines/10 lm dendrite; ANOVA on ranks with Dunn's post hoc). There were no significant differences in mushroom dendritic spine density between romidepsin-treated burn-injured animals and Sham at any region (p > 0.05). Taken together, these results demonstrate that romidepsin treatment can reduce dendritic spine density along dendrite regions nearest the cell body following burn injury to levels that are close-to-normal (e.g., no difference with Sham).
After drug withdrawal at Day 10, DMSO-treated animals with burn injury continued to have increased total and thin-shaped dendritic spine density as compared with Sham at the 100-lm dendrite length region (D10: #p < 0.05; 100 lm: 2.9 AE 1.1 vs. 1.9 AE 0.7 total spines/10 lm dendrite, or 2.5 AE 0.9 vs. 1.7 AE 0.7 thin spines/10 lm dendrite; ANOVA on ranks with Dunn's post hoc) (Figure 9(d) and (e) ). There was no significant difference between romidepsin-treated burn-injured animals as compared with either Sham or DMSO-treated burninjured animals in any dendritic length region from the cell body (p > 0.05). In burn-injured animals treated with romidepsin, mushroom-shaped dendritic spine density was significantly less in a single dendrite region, 100 lm, as compared with DMSO-treated burn-injured animals (D10: *p < 0.05; 100 lm: 0.4 AE 0.2 vs. 0.8 AE 0.4 mushroom spines/10 lm dendrite, ANOVA on ranks with Dunn's post hoc) (Figure 9(f) ). In this same region, burn-injured animals with DMSO treatment had significantly increased mushroom-shaped dendritic spines as compared with Sham (#p < 0.05; 100 lm: 0.8 AE 0.4 vs. 0.3 AE 0.1 mushroom spines/10 lm dendrite, ANOVA on ranks with Dunn's post hoc). There was Figure 8 . Dendritic spine density. All burn-injured animals treated with DMSO or romidepsin had significantly increased (a) total dendritic spine density, (b) thin-shaped spine density, and (c) mushroom-shaped spine density as compared with Sham on Day 6 or Day 10 (*p < 0.05). Assessment of dendritic spine density on Day 6 within 24 h of last drug dosing demonstrated that romidepsin treatment significantly reduced dendritic spine density as compared with DMSO treatment (*p < 0.05). By Day 10 after drug treatment withdrawal, there was no detectable difference between these burn-injured treatment groups (p > 0.05). Graphs are mean AE SEM. DMSO: dimethyl sulfoxide.
no difference in mushroom spine densities between burninjured animals that had received romidepsin treatment that was withdrawn, as compared with Sham (p > 0.05).
Romidepsin attenuates neuropathic pain after burn injury
To determine whether treatment with romidepsin can attenuate neuropathic pain, we performed heat and mechanical pain threshold testing (Figure 10 ). In heat hyperalgesia testing, we observed a significant decrease in hind paw withdrawal threshold latency (more pain) in both burn-injured animal groups that persisted throughout the experimental period (up to Day 10 post-burn), as compared with baseline (group mean comparison, p < 0.05; mean baseline vs. Day 3-10 range: 14.5-15.2 vs. 4.2-8.1 s, ANOVA on ranks) (Figure 10(a) ). After burn injury, but prior to romidepsin treatment, both injured groups demonstrated similar heat pain withdrawal thresholds (p > 0.05; romidepsin vs DMSO, D3: 5.4 AE 2.1 vs. 5.7 AE 2.3 s). However, during the three-day treatment of romidepsin in burn-injured animals, heat pain threshold significantly increased as compared with DMSO-treated animals (p < 0.05; D4: 7.2 AE 4.9 vs. 4.3 AE 1.5 s; D5: 5.9 AE 2.2 vs. 4.2 AE 0.8 s; D6: 6.5 AE 2.8 vs. 4.7 AE 2.1 s; one-way ANOVA). After drug withdrawal (Day 7 and Day 10 post-burn), romidepsin and DMSOtreated burn-injured animals showed no difference in heat pain withdrawal (p > 0.05; D7: 5.6 AE 1.5 vs. 5.8 AE 2.6 s; D10: 8.1 AE 2.2 vs. 7.0 AE 1.8 s). In a group mean comparison of burn-injured animal groups, we observed a significant decrease in heat pain threshold following DMSO as compared with before any treatment (p < 0.05; D3 group mean vs. DMSO D4-D6: 5.6 AE 2.2 vs. 4.3 AE 1.5 s; ANOVA on ranks) or romidepsin treatment of burn-injured animals (p < 0.05; D3 group mean vs. romidepsin D4-D6: 5.6 AE 2.2 vs. 6.6 AE 3.6 s; ANOVA on ranks) (Figure 10(c) ). Group mean comparisons also demonstrated that romidepsin treatment significantly increased heat pain withdrawal threshold latency as Figure 9 . Dendritic spine distribution. To profile dendritic spine distribution, we performed a Sholl's analysis. At Day 6, an analysis of the distribution of (a) total dendritic spine, (b) thin-shaped spines, and (c) mushroom-shaped spines showed preferential increases in density within the dendrite regions closest to the cell body after burn injury þ DMSO treatment, as compared with Sham (#p < 0.05). In burninjured animals treated with romidepsin, we observed a significant decrease in density in multiple dendrite regions from the cell body as compared with DMSO-treated burn-injured animals (*p < 0.05). We observed no differences between romidepsin-treated burn-injured animals and Sham dendritic spine profiles (p > 0.05). At Day 10 following withdrawal of drug treatments, the density of (d) total spines, (e), thin-shaped spines, and (f) mushroom-shaped spines remained significantly greater in burn-injured animals treated with DMSO than compared with Sham at the 100 mm region (#p < 0.05). Following romidepsin withdrawal in burn-injured animals, (e) mushroom-shaped dendritic spine density was significantly less than control, DMSO-treated burn-injured animals at the 100 mm region (*p < 0.05). For any spine-shape classification, at the Day 10 time point, we observed no significant difference between burn-injured animals previously treated with romidepsin and Sham (p > 0.05). Graphs are mean AE SEM. DMSO: dimethyl sulfoxide.
compared with DMSO-treated animals (p < 0.05; group mean D4-D6, romidepsin vs. DMSO: 6.6 AE 3.6 vs. 4.3 AE 1.5 s; ANOVA on ranks).
In mechanical allodynia testing using systematic application of graded Von Frey filaments, we observed a decrease with tactile pain withdrawal threshold in both burn-injured groups that remained significant until experimental endpoint at Day 10 post-burn, as compared with baseline (group mean comparison, p < 0.05; mean baseline vs. Day 3-10 range: 0.32-0.35 vs. In heat hyperalgesia testing, we observed a decrease in hind paw withdrawal threshold in both burn-injured groups that persisted throughout the experimental period as compared with baseline (p < 0.05). During the three-day treatment course with romidepsin, burn-injured animals had a partial but significantly increased heat withdrawal threshold as compared with burned animals treated with DMSO (*p < 0.05). Following treatment withdrawal (assessments on Day 7 and Day 10), we observed no differences in heat withdrawal thresholds between burn-injured animal groups (p > 0.05). (c) Similarly, in post-burn injury, only comparisons of heat withdrawal threshold, we observed a significant increase in heat withdrawal threshold group mean (i.e., during the treatment period) with romidepsin treatment, as compared with before any treatment (Day 3) or DMSO group mean threshold (*p < 0.05). During the DMSO treatment period, we observed a decrease in heat withdrawal threshold as compared with heat withdrawal thresholds before any treatment (*p < 0.05). (b) In mechanical pain threshold testing, we observed a decrease in withdrawal threshold that remained throughout the experimental period following burn injury, as compared with baseline (p < 0.05). During the three-day treatment with romidepsin, withdrawal thresholds increased as compared with burn-injured animals treated with DMSO (*p < 0.05). In burn-injured animals treated with romidepsin, mechanical pain threshold testing on Day 7 demonstrated that increased withdrawal threshold persisted for at least 24 h after romidepsin withdrawal, as compared with burned animals treated with DMSO (*p < 0.05). By Day 10, there was no significant difference with mechanical pain thresholds between both burn-injured animal groups (p > 0.05). (d) In comparisons of mechanical pain thresholds after burn injury, we observed a significant increase in mechanical withdrawal threshold group mean during romidepsin treatment, as compared with threshold before any treatment or during DMSO treatment (group mean) (*p < 0.05). DMSO treatment group mean threshold was significantly less than mechanical pain withdrawal thresholds in burn-injured animals before any treatment (*p < 0.05). Graphs are mean AE SEM. DMSO: dimethyl sulfoxide.
0.01-0.05 g, ANOVA on ranks) (Figure 10(b) ). After burn injury, and before romidepsin treatment, both burn-injured groups demonstrated similar tactile pain threshold (p > 0.05; romidepsin vs. DMSO, D3: 0.01 AE 0.001 vs. 0.01 AE 0.01 g). Over the course of drug treatment, between Day 4 and Day 6, romidepsin treatment increased tactile pain thresholds as compared with DMSO-treated burn-injured animals (p < 0.05; D4: 0.04 AE 0.06 vs. 0.01 AE 0.009 g; D5: 0.02 AE 0.02 vs. 0.01 AE 0.006 g; D6: 0.02 AE 0.02 vs. 0.009 AE 0.004 g, ANOVA on ranks). Approximately 24 h after drug withdrawal, romidepsin-treated animals continued to have significantly increased pain threshold as compared with burn-injured animals treated with DMSO (p < 0.05; D7: 0.02 AE 0.01 vs. 0.01 AE 0.005 g, ANOVA on ranks). This finding suggests that in contrast to heat pain, which rapidly returned to untreated levels within 24 h after drug cessation, romidepsin has a slightly prolonged attenuating effect on tactile pain threshold. By Day 10, however, there was no difference between animals that had been treated with either romidepsin or DMSO (p > 0.05; D10: 0.05 AE 0.05 vs. 0.02 AE 0.03 g). In a group mean longitudinal comparisons (Figure 10(d) ), we observed a significant decrease in tactile pain threshold with DMSO treatment as compared with threshold before any treatment (p < 0.05; D3 group mean vs. DMSO D4-D6: 0.01 AE 0.01 vs. 0.009 AE 0.004 g; ANOVA on ranks), or after romidepsin treatment (p < 0.05; D3 group mean vs. romidepsin D4-D6: 0.01 AE 01 vs. 0.03 AE 0.04 g; ANOVA on ranks). Group mean comparisons also demonstrated that romidepsin treatment significantly increased tactile pain threshold as compared with DMSO-treated animals (p < 0.05; group mean D4-D6, romidepsin vs. DMSO: 0.03 AE 0.04 vs. 0.009 AE 0.004 g; ANOVA on ranks).
Romidepsin does not affect inflammation within the spinal cord after burn injury
We and others have previously shown that spinal cord inflammation occurs after burn injury, and that injuryinduced inflammation contributes to maintaining central sensitization and neuropathic pain. 8, [50] [51] [52] To assess inflammation/gliosis in cutaneous burn injury with or without romidepsin treatment, we analyzed the presence of astrogliosis and microgliosis within the ipsilateral dorsal horn (i.e., burn-injured side) ( Figure 11 ). As shown in Figure 11 (a), GFAP immunoreactivity levels appeared to increase following burn injury in animals treated with either DMSO or romidepsin. At Day 6, GFAP expression remained elevated in both burninjured groups (D6: p < 0.05, DMSO or romidepsin vs. . No differences were observed between treated animal groups with burn injury at Day 6 or Day 10 (p > 0.05). Interestingly, our observations are consistent with previous work demonstrating that astrocytes and microglia have different time courses for reaching maximal activation after peripheral nerve or burn injuries: microgliosis peaks earlier than astrogliosis, which has a delayed and prolonged presence after injury. 8, 53 Taken together, our results demonstrate that our treatment paradigm with romidepsin does not appear to significantly affect the magnitude or time course of burn injuryinduced central inflammation within the spinal cord dorsal horn.
Pak1 and Rac1 protein levels show no apparent change following burn injury
Romidepsin can significantly reduce Pak1 activity without changing Pak1 protein level. [54] [55] [56] To assess whether romidepsin affects expression of Pak1 or Rac1, we analyzed spinal cord tissue co-labeled with neuronal marker, NeuN (Figure 12 Figure 12(d) ). Notably, in either outcome, burn injury did not appear to significantly affect expression levels of Rac1 or Pak1 when directly compared with Sham (p > 0.05). Taken together, these results are consistent with previous work demonstrating that romidepsin action is due to decreasing Pak1 activity, rather than changes in protein expression.
55,56
Discussion
Burn injury is a global unmet medical need, affecting millions of individuals, of which a high proportion experience clinically significant pain. Unfortunately, treatment strategies for neuropathic pain are often refractory or short-lived. The failure to satisfactorily address this unmet medical need is due in part to the lack of mechanistic insight into molecular factors underlying neuropathic pain. To address this gap, we leveraged our previous mechanistic studies to identify and assess the potentially novel role of the Pak1 pathway in pain. 11, 13, 14 Additionally, we tested the feasibility of "repurposing" romidepsin, an existing clinically available drug that targets Pak1 activity, to alleviate burn injury-induced neuropathic pain.
Over the past decade, we have demonstrated the necessary and sufficient contribution of Rac1 signaling in hyperexcitability disorders, including multiple forms of neuropathic pain. 11, 13, 14, 30, 57 Importantly, we have shown that Rac1-regulated dendritic spine remodeling in the dorsal horn contributes to neuropathic pain after trauma to the nervous system, including diabetes mellitus, peripheral nerve injury, spinal cord injury, and cutaneous burn injury. 14, 24, 58, 59 In these studies, attenuation of neuropathic pain was achieved when near-normal dendritic spine profiles were successfully restored using a Rac1-inhibitor. Treatment discontinuation resulted in a relapse of both neuropathic pain and abnormal dendritic spine profiles. A caveat of these studies, however, was the low clinical utility of directly targeting Rac1, which has been considered a poor therapeutic target due to its broad intracellular actions. 17 Thus, to advance our goal of addressing burn injury-induced pain, we sought a mechanism-based approach to identify an alternative and clinically relevant molecular target for addressing neuropathic pain.
Based on our published work and others, 11, 19, 20, 60 we hypothesized that pharmacological inhibition of Pak1 would be a druggable target for the treatment of neuropathic pain. Pak1 is a downstream effector of Rac1 that links Rac1 activity to cytoskeletal actin reorganization involved in dendritic spine remodeling. 61 Importantly, Pak1 is an already established clinical target for cancer and neurological disease but has not been investigated for addressing chronic pain conditions. 19, 43 To test our hypothesis, we identified the clinically approved Pak1-inhibitor, romidepsin, approved by the US FDA in 2009 for the treatment of lymphoma. 44 Romidepsin is a potent HDAC inhibitor that reduces Pak1 activity without affecting its protein level. As shown in pharmacokinetic/pharmacodynamic (PK/PD) studies in rodent and non-human primates, romidepsin's active metabolites are bioavailable to the CNS, passively penetrating the BBB following systemic administration. 62 In our present study, we performed a dose-response assessment to identify the MTD at which we observed an analgesic effect without significant adverse effect to body weight, mobility/strength, and affective-cognitive exploratory behavior. In our burn injury model, we further confirmed that systemic administration via an i.p. route resulted in the positive expression of two established drug response biomarkers in the spinal cord dorsal horn, that is, increased histone acetylation and decreased p-Raf (a downstream effector of Pak1). 45, 46, 62 To examine the contribution of Pak1 activity in neuropathic pain following burn injury, we assessed the efficacy of romidepsin in reducing cellular and structural pain correlates and burn injury-induced neuropathic pain. Treatment with romidepsin significantly reduced cellular correlates of pain (see summary in Table 2 ). Within 24 h of drug treatment, we observed a significant reduction in c-fos expression (e.g., a marker for neuronal activity), attenuated dendritic spine dysgenesis in the dorsal horn, and a partial, but significant restoration of pain threshold. After treatment withdrawal, however, all outcome assessments returned to untreated, burninjured animal levels. Importantly, we found no effect of romidepsin treatment on the inflammatory response in the spinal cord at any time point. Collectively, our results show for the first time that Pak1 activity contributes to neuropathic pain.
An important mechanistic question, partially addressed in this study, focuses on how a seconddegree burn injury can lead to chronic, long-lasting pain with neuropathic symptoms. Although superficial, burn injuries are multifaceted insults to neuronal and non-neuronal tissues. Damaged skin and injured intracutaneous nerves release chemokines, trophic factors, and inflammatory mediators, for example, tumor necrosis factor-alpha or matrix metalloproteinase-9, which can contribute to inflammation at the site of burn injury, as part of the healing process, as well as remotely through long-distance signaling. [63] [64] [65] [66] [67] [68] Scar tissue formation at the site of burn injury can also become sensitized, increasing nerve excitability which may be attributed to sodium channel misexpression, for example, Nav1.3. 25, [69] [70] [71] We show here that burn injury induced central inflammation including the activation of microglia and astrocytes within the ipsilateral dorsal horn. Microglia activate early within the spinal cord, whereas astrocyte activation follows and contributes to maintaining central sensitization, even as maximal levels of microgliosis progressively declines. 8, 50, 72, 73 Astrocyte activation reaches maximal levels by one week after second-degree burn injury in rodents. 8, 50 Consistent with these previous observations, we observed a significant inflammatory response related to increased microgliosis and astrogliosis within the ipsilateral dorsal horn after second degree after burn injury.
Pak1 links Rac1 activity to cytoskeletal reorganization through its modulation of actin and microtubule dynamics. 74 Importantly, Pak1 is localized at dendritic spines, interacts with post-synaptic density protein, PSD-95, and f-actin, and may directly mediate dendritic spine formation and long-term maintenance.
74 Dominant-negative Pak1 expression results in fewer dendritic spines, whereas constitutively active Pak1 increases the number of dendritic spines on hippocampal neurons. Taken together, these results strongly suggest that activation of Pak1 is essential for the formation, maturation, and stability of dendritic spines. Notably, Pak1 mutation and dysregulation has been shown to contribute to neurological diseases and disorders, including cognitive defects, mental retardation, and neuropsychiatric diseases. [19] [20] [21] Until this report, the role of Pak1 in chronic pain or hyperexcitability disorders in the CNS has not been studied.
Our current results are consistent with previous work demonstrating that dendritic spine dysgenesis in nociceptive sensory neurons in the dorsal horn contributes to both burn injury and peripheral nerve injury-induced neuropathic pain conditions. 14, 58 Dendritic spines on WDR neurons change in shape and profile predictably through a common motif strongly associated with pain. 11 Although it is not known how burn injury or any insult to the nervous system triggers dendritic spine remodeling, our previous work has shown that the Rac1-Pak1 molecular pathway regulates dendritic spine remodeling involved in neuropathic pain. Here, we observed altered dendritic spine morphology in the intermediate zone following burn injury, which was accompanied by pain-related behavior (Table 2) . Romidepsin treatment in burn-injured animals reduced dendritic spine dysgenesis in the intermediate zone, marked by decreases in dendritic spine density and spatial redistribution that was similar to control, unburned animals. Consistent with this, we also observed c-fos expression increase following burn injury at this time point at Day 6, suggesting that burn injury increases neuronal excitability, as previously reported. 25 Importantly, treatment with romidepsin decreased c-fos expression in a topographically restricted manner, only reducing c-fos expression in the intermediate zone (laminae IV-V). This histological profile of romidepsin treatment in reducing c-fos expression and dendritic spine dysgenesis suggests that the drug's primary action can reduce spinal cord hyperexcitability across a wide-range of sensory modalities (i.e., high-and low-threshold afferent input converge on interneurons located in the intermediate zone). Although our results show no statistically significant effect in other dorsal or ventral laminae of the spinal cord, which we have previously investigated, 8, 14 we note the caveat that our measures here may not have had sufficient sensitivity within our sample size to preclude this possibility. Nonetheless, our results demonstrate that romidepsin treatment has a predictable effect upon cellular and structural correlates of pain in the dorsal horn nociceptive-sensory system after burn injury.
A notable caveat to our study is the possibility that spontaneous pain recovery could mask a longer term analgesic effect of romidepsin treatment. We expected that the effectiveness of romidepsin would be limited by its half-life (<10 h) and bioavailability. 43, 44 This assumption, however, comes from PK/PD studies performed in other species, which may have different metabolic status than our mouse model. Although we observed no effect on inflammation in the spinal cord, we cannot rule out the possibility of an effect in the peripheral nervous system which was not studied here. Therefore, it is possible that Pak1 inhibition could influence other factors along the pain axis. Note that we report that romidepsin at MTD did not affect body weight, general mobility, or exploratory-rearing behaviors. Nonetheless, our study raises the need for further investigation on the (1) longer term use of romidepsin or other Pak1 inhibitors, (2) its effect on peripheral tissue, and (3) its efficacy at lower doses if administered centrally, which could improve the drug's bioavailability to nociceptive tissues in the dorsal horn. Irrespective of these caveats, our results raise the possibility that inhibition of Pak1, either by small-molecule inhibitors such as romidepsin, or via gene therapy approaches, may have a role in the treatment of pain following burn injury. In summary, our findings demonstrate for the first time a role for Pak1 signaling in mechanisms underlying pain. Our findings identify Pak1 signaling as a potential molecular target for therapeutic intervention in traumatic burninduced neuropathic pain. More generally, this study demonstrates that preclinical studies can be leveraged to identify clinically available drugs, such as romidepsin, that may be repurposed for addressing intractable pain.
